Abstract Epilepsy is a neurologic disorder affecting approximately 50 million people worldwide, or about 0.7% of the population [1] . Thus, the use of anticonvulsant drugs in the treatment of epilepsy is common and widespread. There are three generations of anticonvulsant drugs, categorized by the year in which they were developed and released. The aim of this review is to discuss the pharmacokinetics, drug-drug interactions, and adverse events of the third generation of anticonvulsant drugs. Where available, overdose data will be included. The pharmacokinetic properties of third-generation anticonvulsant drugs include relatively fewer drug-drug interactions, as well as several unique and life-threatening adverse events. Overdose data are limited, so thorough review of adverse events and knowledge of drug mechanism will guide expectant management of future overdose cases. Reporting of these cases as they occur will be necessary to further clarify toxicity of these drugs.
Introduction
Epilepsy is a common neurological disorder affecting millions of Americans. The International League Against Epilepsy (ILAE) defines epilepsy as two or more unprovoked seizures occurring more than 24 h apart. Epilepsy can also be diagnosed after one unprovoked seizure if additional historical or diagnostic testing data suggest that the risk of recurrent seizure is high. The estimated prevalence of epilepsy of all causes in the USA is 8.5 cases per 1000 people, or just less than 1% of the US population [2] .
Seizures, as the clinical manifestations of epilepsy, are divided into two major categories, generalized and partial. Generalized seizures involve both cerebral hemispheres simultaneously whereas partial seizures have a specific focus. With partial seizures, the discharges may stay confined to a region such as the mesial temporal lobe or they may secondarily generalize. The term partial-onset refers to the origin of the discharges and does not distinguish between those that stay confined to one region versus those that secondarily generalize. Most seizures stop after 2-3 min; however, when the brain's inhibitory mechanisms fail, seizures may be prolonged. After 5 min of seizure activity, the term status epilepticus is applied [3] . Status epilepticus can be convulsive or non-convulsive with several subcategories which are beyond the scope of this paper. Classification of seizures is important because certain anticonvulsant drugs (ACDs) can be beneficial or harmful depending on the seizure type.
Neurologists prescribe ACDs with the goal of seizure freedom for their epilepsy patients. However, seizure freedom with initial ACD monotherapy is achieved in only 47% of patients and nearly 30% of patients go on to develop drug-resistant epilepsy [4] . Drug-resistant epilepsy means that these patients are on multiple ACDs across different generations which increase the risk of drug-drug interactions and adverse effects (AEs).
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There are currently three generations of ACDs. Generations of ACDs are not divided by structure or mechanism but only by the timeframe in which they were developed. The first-generation of ACDs include phenobarbital, primidone, phenytoin, ethosuximide, valproic acid, and carbamazepine. These drugs were developed as early as 1912 (phenobarbital) through the 1970s. Some well-known disadvantages of first-generation ACDs include zero-order kinetics seen with phenytoin, autoinduction seen with carbamazepine, high protein binding with phenytoin and valproic acid, metabolism through major cytochrome P450 enzymes, and anticonvulsant hypersensitivity syndrome. With these unfavorable characteristics in mind, newer ACDs have been developed.
The second-generation drugs include felbamate (Felbatol®), gabapentin (Neurontin®), lamotrigine (Lamictal®), levetiracetam (Keppra®), oxcarbazepine (Trileptal®), tiagabine (Gabitril®), topiramate (Topamax®), pregabalin (Lyrica ®), and zonisamide (Zonegran®). The first of the second-generation drugs, felbamate, was approved in 1993. Each of these drugs has unique benefit for epilepsy management that is beyond the scope of this review. The overall goal of developing newer ACDs is high efficacy and good tolerability. Favorable pharmacokinetics would include high oral availability, minimal protein binding, minimal or no metabolism through P450 enzymes, and renal elimination. As an example, a second-generation ACD with these properties is levetiracetam. Other second-generation ACDs do not have as favorable pharmacokinetics. Felbamate is an inhibitor of CYP2C19, CYP1A2, and beta-oxidation, thus inhibiting the metabolism of several other ACDs [5] . Other examples of limitations of second-generation ACDs include cognitive impairment with topiramate, Steven-Johnson Syndrome with lamotrigine, kidney stones with topiramate and zonisamide, encephalopathy and non-convulsive status epilepticus with tiagabine, to name a few.
As regarded by most authors over time, the third generation of ACDs begins with the 2008 approval of lacosamide and includes lacosamide, eslicarbazepine acetate, rufinamide, brivaracetam, perampanel, vigabatrin, clobazam, and ezogabine. The label of third generation was retrospectively applied as the number of new medications grew. In this review, the pharmacokinetics, drug-drug interactions, and AEs of this third generation of ACDs will be discussed (Table 1) .
It is important to note that epilepsy is associated with psychiatric comorbidities including depression, anxiety, and psychosis. Suicide prevalence in epilepsy is double that of the general population (12%), and suicide attempts occur in 5-30% of patients with epilepsy [6] . All ACDs carry a warning for suicidality; however, approximately 80% of neurologists do not screen for depression in patients with epilepsy [6] . Knowing the pharmacology and AEs of ACDs is important in the context of this increased suicide rate, especially because overdose of prescribed medication is often a means of attempted suicide. In the setting of intentional overdose, as well as iatrogenic and unintentional overdose, medical toxicologists may be consulted for management. Although cases are limited, toxicity from overdose of third-generation AEDs will be highlighted in this review. Knowledge of the pharmacologic properties will also guide management of adverse events and overdose.
Literature Search
PubMed and EmBase searches (1970-December 2016) were performed combining drug names (e.g., Bclobazam^) with phrases such as Brandomized clinical trials,^Bmeta-analysis,â nd Bcase reports^with the following keywords: Bpharmacokinetics,^Bmetabolism,^Boverdose,^Bsuicide,B adverse events,^Bpoisoning,^Bintoxication,^or Bdialysis.T he prescribing information for each drug was also reviewed. Other relevant articles were found through the BRelated Articles^feature on PubMeb. The authors also reviewed the references of several landmark studies to identify literature not identified through our PubMed search. In addition, meeting abstracts were reviewed for the North American Congress of Clinical Toxicology (Clinical Toxicology) and the American College of Medical Toxicology (Journal of Medical Toxicology) annual meetings. Searches yielded varying numbers of articles depending on the drug being searched. Of these, the authors found 498 articles that were relevant to our review of which many were eliminated due to redundancy or lack of direct relevance to overdose or adverse events related to the drugs included.
Third-Generation Anticonvulsant Drugs
Lacosamide Lacosamide (Vimpat®) was approved by the FDA in 2008 as adjunctive therapy for partial-onset seizures in patients 17 years and older [7] . Later, lacosamide (LCM) was approved as a monotherapy for partial-onset seizures [8] . Dosage forms include oral and intravenous with a maximum daily dose of 400 mg, typically divided twice daily [8] . Offlabel use is seen in status epilepticus [9, 10] .
The mechanism of action of LCM is unique in that it enhances slow inactivation of voltage-gated sodium channels [11] . LCM may also mitigate neuronal rearrangement, a process theorized to be involved in the pathogenesis of epilepsy, via inhibition of collapsin response-mediated protein 2 (CRMP-2) [11] . The pharmacokinetic properties of LCM include 100% bioavailability, time to peak plasma concentration of 0.5-4 h, <15% protein bound, volume of distribution of 0.6 L/kg, and a half-life of 13 h [12] . Half-life may extend BA bioavailability, C max peak concentration, PB protein binding, t ½ half-life to 20 h in renal disease, and about 50% of LCM is cleared by 4 h of hemodialysis [12, 13] . Continuous renal replacement therapy and hemodialysis have each been reported to enhance elimination in a single overdose patient, although no drug concentrations were obtained [14, 15] . Forty percent is excreted unchanged in the urine while a component is metabolized in the liver through various cytochrome P450 enzymes [12] . Minimal drug-drug interactions have been reported [16] [17] [18] [19] [20] [21] .
AEs of oral LCM have been reported in randomized, double-blind, placebo-controlled clinical trials and are well known among experienced epileptologists. Common AEs include dizziness, headache, diplopia, nausea, and vomiting [22] [23] [24] [25] , a side effect profile similar to other sodium channel-affecting anticonvulsants. Dizziness was reported in approximately 30% of patients and was the primary reason for discontinuation from clinical trials [23] . Safety data on intravenous LCM is less robust but shows a similar side-effect profile and is largely dose dependent [26] . At a maximum FDA-approved dose of 400 mg daily, LCM prolongs the mean PR interval by 4.4 ms and has no effect on heart rate, QRS, or QTc intervals [27] . As doses exceed 400 mg daily, there is further prolongation in mean PR interval (6.6 ms at 600 mg daily) and minimal prolongation of mean QRS (2.3 ms at 600 mg daily) [27] .
Clinical trials did not demonstrate a statistically significant increase in suicidal ideation or depression. However, there have been case reports demonstrating suicidal ideation and depression and one case of psychosis in the setting of LCM titration [28, 29] . There is one case report of status epilepticus in a patient with epilepsy who overdosed on lacosamide and lamotrigine. Peak plasma concentration of lacosamide occurred at 10 h postingestion and was 53.9 mg/L (approximate therapeutic range 6-18 mg/L) [30] . Status epilepticus has also been reported in overdose in epilepsy patients taking other anticonvulsants either therapeutically or as co-ingestants [15, 31] . Additional case reports have shown hepatotoxicity [32] , pancreatitis [33] , and lacosamide-induced valproate toxicity [34] . In the setting of concomitant sodium channel-blocking drugs, there has been reported sinus node dysfunction [35] and atrial fibrillation/flutter [36] .
Several case studies involving excessive consumption of LCM highlight its effects on the cardiovascular system. In overdose, LCM has been associated with hypotension (blood pressure 60/30 mmHg) [31] , prolonged PR interval (265 msec) [31] , prolonged QRS interval (206 msec) [37] , bi-bundle branch block [37] , junctional rhythm [37] , atrioventricular block [38] , and death related to cardiac conduction abnormalities [37] . The patient who died ingested 7 g of LCM and had a serum concentration of 27.7 mcg/mL (approximate therapeutic range 6-18 mcg/mL) [37] . It should be noted that these cases also involve ingestion of other medications that may have contributed to conduction abnormalities.
Eslicarbazepine Acetate
Eslicarbazepine acetate (Aptiom®) was approved by the FDA in 2013 as adjunctive therapy for partial-onset seizure [39] . Later, it gained approval as monotherapy for partial-onset seizure [39] . Efficacy has also been seen in bipolar disorder; however, it is not approved for this condition [40, 41] . Eslicarbazepine acetate (ESL) is administered once daily with a maximum dose of 1600 mg [39] . There is no intravenous form of ESL.
ESL competitively binds to the inactive state of voltagegated sodium channels to inhibit abnormal neuronal firing [42] . ESL was designed to lack toxic metabolites such as epoxides and avoid autoinduction like its related drug, carbamazepine [42] . ESL is metabolized to its active metabolite eslicarbazepine and minor metabolites, R-licarbazepine and oxcarbazepine, through CYP3A4 and CYP2C19 [43, 44] . The pharmacokinetic properties of ESL include >80% bioavailability, time to peak plasma concentration of 1-4 h, 35% protein bound, volume of distribution of 2.7 L/kg, and a half-life of 20-40 h [45] . Dose adjustments are needed in renal impairment, and hemodialysis successfully removes metabolites [46] . Dose adjustments are not needed in mild to moderate hepatic impairment [47] . Drug-drug interactions include moderately increasing phenytoin levels [48] , significant (>50%) reduction in systemic simvastatin levels [49] , and decreased bioavailability of topiramate [50] . Overall, ESL has few drug-drug interactions.
Clinical trials provided evidence for the efficacy and side effect profile of ESL. Common AEs are like other sodium channel-affecting ACDs and include dizziness, blurred and double vision, nausea and vomiting, ataxia, headache, and somnolence and fatigue [51] . Overall, AEs lessened when switched from carbamazepine and oxcarbazepine and were dose dependent [52] [53] [54] . Liver function tests were not affected by ESL [44] , and although there was a small increase in PR interval, there were no significant changes in cardiac conduction up to 2400 mg [55] .
Serious AEs (SAEs) are rare but have been reported in case studies and clinical trials. SAEs associated with ESL include hyponatremia [52, 56] , cerebellar syndrome [51] , and increased liver enzymes [51] . Dermatologic reactions have included erythema multiforme major [57] , leukocytoclastic vasculitis [54] , and toxic epidermal necrolysis [58] . There are no case reports of overdose.
Rufinamide
Rufinamide (Banzel®) was approved by the FDA in 2008 for adjunctive treatment for children 4 years and older and adults with Lennox-Gastaut syndrome, [59] which is a childhood epilepsy syndrome characterized by seizures, intellectual dysfunction, and particular EEG abnormalities. Off-label use is seen in partial-onset seizures and super-refractory tonic-status epilepticus. Dose form is oral with a maximum daily dose of 45 mg/kg/day or 3200 mg (whichever is less) in children and 3200 mg in adults, divided twice daily [59] . There is no intravenous form of rufinamide (RFM).
The exact mechanism of action of RFM is not known but likely causes prolongation of the inactivated state of voltagegated sodium channels [60] . The pharmacokinetic properties of RFM include~80% bioavailability, time to peak plasma concentration of 5-6 h, 30% protein bound, volume of distribution of 0.7-1.1 L/kg, and a half-life of 8 h [45] . RFM metabolism does not involve cytochrome P450 enzymes-rather, it is hydrolyzed by carboxylesterases to CGP 47292, an inactive metabolite which is excreted in the urine [61] . Renal impairment does not have a significant effect on RFM pharmacokinetics, and hemodialysis had minimal effect on plasma concentration at 3 h, but dose adjustments may be needed [61] . The effect of rufinamide on hepatic impairment is not well studied. RFM increases the clearance of lamotrigine and carbamazepine and decreases the clearance of phenytoin and phenobarbital [61] . Valproic acid increases the plasma concentration of RFM by 60-70% in children; therefore, RFM dose adjustments are required [61] . Conversely, enzymeinducing ACDs like phenytoin and carbamazepine decrease RFM levels [45] . It would therefore be prudent for physicians to monitor drug concentrations in patients taking hepatically metabolized drugs to avoid toxicity and promote efficacy.
Several clinical trials have supported the efficacy of RFM and elaborated on potential AEs. Common AEs included somnolence, dizziness, fatigue, headache, vomiting, nausea, tremor, decreased appetite, diplopia, and pyrexia [62] [63] [64] [65] [66] [67] [68] [69] . Elger et al. reported a patient developing leucopenia at a dose of 400 mg daily that resolved with discontinuation [70] . Likewise, Biton et al. reported two cases of lymphopenia (one patient with low lymphocyte count and one patient with low lymphocyte concentration) and one case of neutropenia [62] . SAEs reported in case studies include drug-reaction with eosinophilia and systemic symptoms (DRESS) [71] , StevensJohnson syndrome [72] , two cases of suicidal ideation in the setting of bipolar disorder [73] , severe constipation [74] , and agranulocytosis [75] . RFM does have the potential to shorten QT interval and is contraindicated in patients with Familial Short QT syndrome [76] . There is one report of a patient taking 7200 mg of RFM with no AEs [59] ; otherwise, there are no reported cases of overdose.
Brivaracetam
Brivaracetam (Briviact®) was approved by the FDA in 2016 as adjunctive therapy for partial-onset seizure in patients 16 years and older [77] . Dosage forms include oral and intravenous with a maximum daily dose of 200 mg daily, divided twice daily [77] . Efficacy in status epilepticus is currently being studied.
Brivaracetam (BRV) binds selectively to synaptic vesicle protein 2A (SV2A) with greater affinity than levetiracetam, another well-known SV2A ligand [78] . The pharmacokinetic properties of BRV include high oral bioavailability, time to peak plasma concentration of~1 h, <20% protein bound, volume of distribution of 0.5 L/kg, and a half-life of 9 h [77, 79] . Metabolism occurs by hydrolysis to its acid metabolite and, to a lesser extent, via hydroxylation involving hepatic CYP2C19 [80] . BRV has not shown any significant effect on CYP3A activity [81] . After BRV is broken down to its metabolic products, it is excreted in the urine. Some of the drug-drug interactions include decreased plasma concentration of BRV with co-administration of rifampin [82] and increased carbamazepine-epoxide [83] and phenytoin levels [77] when co-administered with carbamazepine and phenytoin, respectively.
Several clinical trials have supported the efficacy and defined the AEs of BRV. Common AEs include somnolence, headache, dizziness, and fatigue [84] [85] [86] [87] [88] [89] [90] . Clinical trials did not demonstrate an effect on cardiac function and did not demonstrate a statistically significant change in mood [79] . Two serious AEs were reported at a dose of 50 mg/day that may have related to BRV; this included a generalized tonicclonic seizure and a psychotic disorder [89] . Doses up to 1400 mg (14 times the recommended single dose) have been used in healthy volunteers and caused severe reversible somnolence in one patient [91] . In healthy volunteers, the mean plasma concentration of BRV at 1400 mg was 41.28 mcg/mL compared to a mean plasma concentration of 4.24 mcg/mL at 150 mg (maximum BRV single dose 100 mg) [91] . There are no reported cases of overdose.
Perampanel
Perampanel (Fycompa®) was approved by the FDA in 2012 for partial-onset seizures and later gained approval as adjunctive treatment for primary generalized tonic-clonic seizures [92] . Dosage form is oral with a maximum dose of 12 mg, once daily [92] . There is no intravenous form of perampanel (PER).
PER is a non-competitive antagonist at the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor causing reduced AMPA receptor-mediated synaptic transmission [93] . Through this mechanism of action, PER is thought to reduce neuronal hyperexcitability and decrease seizure occurrence. The pharmacokinetic properties of PER includẽ 100% bioavailability, time to peak plasma concentration of 0.15-2 h, 95% protein bound, volume of distribution of 80 L/kg, and half-life of 48-105 h [94, 95] . PER is metabolized in the liver by CYP3A4 to several inactive metabolites, and clearance is increased by CYP3A4 inducing ACDs such as carbamazepine and phenytoin [94] . PER is highly protein bound and has a low extraction ratio, so increasing free levels will cause a proportional increase in clearance [94] . Dose adjustments are needed for hepatic impairment, and PER is not recommended in those with severe renal impairment or on hemodialysis [92] .
Efficacy and AEs of PER have been well established in clinical trials. Common AEs include dizziness, somnolence, headache, fatigue, and irritability [96] [97] [98] [99] . There is one case report of DRESS associated with PER use [100] . PER has not been shown to affect QT interval [101] or overall cognition [102] at therapeutic doses.
Neurologists prescribing PER should be aware of potential psychiatric side effects [103] . PER carries a black box warning for several psychiatric AEs including homicidal ideation. Psychiatric AEs showing a higher incidence in the treatment group compared to placebo included aggression/hostility and irritability [96, 104, 105] . Other psychiatric AEs that possibly or probably relate to treatment included suicide ideation or suicide attempt [96, 106, 107] , psychosis [106, 108] , one case of schizophrenia [109] , and one adolescent hospitalized for aggression [97] . Pooled data from three pivotal trials confirmed a higher rate of irritability and aggression compared to placebo but no increased risk of suicidal ideation [105] . This contrasts with two case series that report higher rates of suicidal ideation. Huber reported 3/23 patients (13%) and Coyle et al. reported 3/47 (6.4%) patients with suicidal ideation treated with PER [104, 110] . Further, Coyle et al. reported adverse behavioral effects as the most common reason for discontinuation [104] .
In the known literature, there are nine reported cases of PER overdose. Eight cases were reported in one of the clinical trials as unintentional with the highest dose being 36 mg. Reported symptoms were nausea, vomiting, somnolence, ataxia, and dysarthria [108] . One case report highlights a 34-year-old with tuberous sclerosis who intentionally ingested 204 mg of PER with subsequent dysarthria and fatigue followed by stupor, disorientation, and Bmisjudging situations^for 2 days [111] . Electroencephalogram showed generalized slowing without epileptiform abnormalities, and labs and ECG were unremarkable [111] . No case reports of overdose included plasma concentration of PER.
Vigabatrin
Vigabatrin (Sabril®) was approved by the FDA in 2009 as adjunct treatment in refractory complex partial seizures in patients 10 years and older and as monotherapy for infantile spasms [112] . Vigabatrin (VGB) use is restricted due to the risk of permanent vision loss through an unknown mechanism. Dose form is oral, and dosage depends on age and indication. The maximum daily dose for adults 17 years and older is 3000 mg, divided twice daily [112] . There is no intravenous form of VGB.
The proposed mechanism of VGB involves increasing the inhibitory neurotransmitter GABA in the CNS by irreversibly inhibiting GABA-transaminase [113] . The pharmacokinetic properties of VGB include >60% bioavailability, time to peak plasma concentration of~2 h, 0% protein bound, volume of distribution of 1.1 L/kg, and a half-life of 5-10 h [45, 113] . The effects of VGB may outlast its half-life by up to 48 h due to the irreversible binding to GABA-transaminase [114] . VGB is a racemic mixture in which S-enantiomers are the only active component [114] . VGB is not metabolized by hepatic cytochrome 450 enzymes so it has few drug-drug interactions with the exception of lowering plasma phenytoin levels for unknown reasons [115, 116] . VGB is excreted by the kidneys, and therefore, dose adjustments are necessary in renal impairment and with geriatric patients.
A systematic review examined 11 randomized, doubleblind, placebo-controlled trials for the treatment of drugresistant partial epilepsy in adults. The most common AEs associated with VGB were fatigue, drowsiness, dizziness, depression, and ataxia [117] . VGB-associated concentric visual field loss is the most well-known AE and occurs in up to 30-45% of patients, is permanent, and is related to duration and dose of VGB [118] [119] [120] [121] [122] . Several studies have reported MRI signal abnormalities in the basal ganglia and brainstem in children with infantile spasms treated with VGB [123, 124] . Although a cause-and-effect relationship has not been established, there are case reports of movement disorders and/or encephalopathy associated with these MRI findings as well as encephalopathy without MRI findings [125] [126] [127] [128] [129] . There are reported cases of psychosis [130] [131] [132] , fatal hepatitis [133] , life-threatening encephalopathy [126] , status epilepticus [134, 135] , allergic vasculitis [136] , sensorineural hearing loss [137] , and suppression of liver function tests [138] associated with therapeutic doses of VGB.
In clinical trials and post-marketing surveillance, there have been reports of patients taking 3-90 g of VGB, usually with co-administration of other medications [112] . The most common SAEs were related to suppressed consciousness and included coma [112] . Cases of psychosis, respiratory compromise, bradycardia, hypotension, vertigo, and status epilepticus were seen [112] . There were no deaths reported and patients recovered with supportive care [112] . In a case report of overdose of an unknown amount of vigabatrin in an epilepsy patient, diplopia and visual disturbance were followed by unresponsiveness [139] . No plasma concentrations were included in these case reports. VGB does not appear to have a significant impact on cardiac conduction. Hemodialysis does increase the clearance of VGB by up to 60% and could potentially be helpful in overdose [140, 141] .
Clobazam
Clobazam (Onfi®) was approved by the FDA in 2011 for adjunctive treatment in patients with Lennox-Gastaut syndrome age 2 and older [142] . Clobazam has been available in other nations since the 1970s. Off-label use is seen in generalized and partial-onset seizures. Dosage form is oral, and total dose depends on weight with 40 mg/day being the maximum dose for patients >30 kg [142] . There is no intravenous form of clobazam.
Clobazam is a benzodiazepine with nitrogen atoms in the 1 and 5 positions rather than 1,4-benzodiazepine which is the structure of all other benzodiazepines [143] . Clobazam binds to GABA-A receptors enhancing GABA binding to ultimately increase chloride conduction causing neuronal hyperpolarization. The pharmacokinetic properties of clobazam include >87% bioavailability, time to peak plasma concentration of 1-4 h, high protein binding, volume of distribution of 100 L, and a highly variable half-life [144] . In the liver, clobazam is metabolized primarily by CYP3A4 to produce Ndesmethylclobazam, an active metabolite which is later metabolized by CYP2C19 [145] . Both clobazam and desmethylclobazam are active, but there are insufficient data on which is more potent. Dose adjustments are reasonable for hepatic impairment, but some pharmacokinetic data suggest that this may not be necessary [146] . Dose adjustments are not needed in mild to moderate renal impairment [142] . Ndesmethylclobazam and its metabolites are excreted in the urine [145] .
Jose de Leon et al. [145] expand on the complicated pharmacokinetics of clobazam and desmethylclobazam, including the wide variation in half-life. Mean half-life of clobazam is a p p r o x i m a t e l y 2 4 h w h e r e a s t h e h a l f -l i f e o f desmethylclobazam is approximately 70-100 h depending on the study, but it may be drastically longer in patients with poor or no CYP2C19 activity and patients on CYP2C19 inhibitors such as felbamate [145] . This is further supported by a recent case of a 10-year-old girl with somnolence, enuresis, and elevated desmethylclobazam levels in the setting of a genetic mutation causing poor CYP2C19 activity [147] . Jose de Leon et al. [145] further highlights cases of possible competitive inhibition of CYP2C19 between clobazam and phenytoin leading to phenytoin toxicity [148] . Further drug-drug interactions may theoretically occur in the setting of drugs metabolized by CYP3A4 and has been seen in a patient taking etravirine who developed neurotoxicity [149] , as well as in a patient taking carbamazepine [150] .
Safety information regarding clobazam is discussed in dozens of clinical trials. The most common AEs reported include sedation/somnolence, mood and behavioral changes (aggression and psychomotor hyperexcitability), drooling, ataxia, and a higher incidence of upper respiratory tract infection and pyrexia in children [151] [152] [153] . One case report presents a 4-year-old with non-epileptic eye rolling, ataxia, and back arching after initiation of clobazam [154] . This patient had desmethylclobazam levels 5-7 times the upper limit of normal which suggested poor CYP2C19 activity. Other cases report toxic epidermal necrosis [155] , gelastic seizures and sleep disturbances [156] , and clobazam-induced systemic lupus erythematosus [157] .
In a case series of 13 children and 31 adults (mean ingested dose of 37 mg in children and 382 mg in adults), no deaths were observed, and 75% of patients had mild effects on cognition without severe symptoms. The authors conclude that clobazam may have a more favorable profile in acute toxicity than the 1,4-benzodiazepines [158] .
However, there are two reported cases of fatal overdose summarized in de Leon et al. [145] . One case involved suspected respiratory depression, and the toxicology report showed an elevated clobazam level (3900 ng/mL) but did not include desmethylclobazam levels [145, 159] . The second case involved a 70-year-old woman who was found dead with elevated levels of clobazam (720 ng/mL) and desmethylclobazam (36,000 ng/mL) [145, 160] . The therapeutic range of clobazam is wide and ranges between 30 and 400 ng/mL. Normal serum concentration for desmethylclobazam is 300-3000 ng/mL [145] .
Flumazenil is a benzodiazepine antagonist that reverses the effects of benzodiazepines and theoretically could serve as an antidote in clobazam overdose. However, its use should be avoided because the sudden withdrawal of clobazam may cause life-threatening side effects, such as status epilepticus, especially in patients with epilepsy. AEs of clobazam may be higher in those who are poor metabolizers due to genetic and inhibitory effects on CYP2C19. The model of therapeutic drug monitoring proposed by de Leon et al. of checking desmethylclobazam/clobazam serum ratios is an effective means of detecting those who may develop high concentrations of desmethylclobazam due to poor CYP2C19 activity.
Ezogabine
Ezogabine (Potiga®) was approved by the FDA in 2011 as adjunctive treatment for patients with partial-onset seizures aged 18 years and older who have not responded to multiple alternative treatments [161] . Ezogabine (EZB) is dosed orally at a maximum daily dose of 1200 mg, divided three times daily [161] . There is no intravenous form of EZB.
The mechanism of action of EZB is unique in that EZB opens voltage-gated potassium (K+) channels which allow K+ across the cell membrane to decrease neuronal excitability [162] . An additional mechanism of action of EZB involves its effects on GABA-A receptors [163] . The pharmacokinetic properties of EZB include~60% bioavailability, time to peak plasma concentration of 0.5-2.0 h, volume of distribution 2-3 L/kg, and a halflife of 6-8 h but extended in the elderly [164, 165] . Although EZB is 80% protein bound, there is no clinically significant evidence of competitive displacement leading to AEs [161] . Metabolism occurs in the liver by N-acetylation and then Nglucuronidation, and in the process, a less potent N-acetyl metabolite is formed [166] . Both EZB and its metabolites are excreted in the urine. Dose adjustments are recommended in geriatric patients, renal impairment, and moderate to severe hepatic impairment [161, 167] . Drug-drug interactions are minimal with other ACDs, because EZB is not metabolized by cytochrome P450 enzymes. Carbamazepine and phenytoin increase EZB clearance by 27 and 36%, respectively [168] .
The efficacy of EZB has been established through clinical trials. The major AEs in clinical trials were dizziness, somnolence, confusion, ataxia, dysarthria, paresthesia, amnesia, blurred vision, nausea, and urinary tract infection [169, 170] . Psychiatric AEs included confusional state (9%), hallucination (2%), and psychosis (1%) [161] . Anxiety and disorientation has been reported as well [169] . Porter et al. [170] reported single cases of suicidal ideation, abnormal thinking, psychosis, nausea, and vertigo that were considered serious but provided no further information. EZB has been shown to cause urinary retention via its effect on potassium channels in the bladder [171] and has been associated with a mean QT prolongation of 7.7 ms [161] . There is a black box warning for retinal abnormalities and potential vision loss [172] . With long-term use, a blue-gray discoloration of the skin, lip, and sclera have been observed [172] . EZB can also cause a sense of euphoria and has potential for abuse, making it a controlled substance [173] .
Cases of overdose are limited. Per the prescribing information [161] , there were cases of patients taking over 2500 mg which caused aggression and agitation. The prescribing information [161] further mentions two healthy volunteers who experienced cardiac arrhythmia (asystole or ventricular tachycardia) 3 h after a 900 mg dose of EZB. Plasma concentrations of EZB were not included.
Conclusion
This review introduces the pharmacokinetic properties, overdose reports, and adverse event profiles of third-generation ACDs, which have some therapeutic advantages relative to traditional (first-and second-generation) ACDs. The pharmacokinetics properties of third-generation ACDs all share good bioavailability. Plasma protein binding is relatively low except with clobazam, ezogabine, and perampanel. Many of these ACDs are not metabolized via major cytochrome P450 enzymes except clobazam, perampanel, and eslicarbazepine acetate. Overall, these properties appear to lead to less drug-drug interactions. Although these properties are relatively more favorable, knowledge of the pharmacokinetic properties should guide the clinician in managing SAEs and overdose.
Several life-threatening AEs were also discussed throughout this review including cases of overdose. The data are limited due to the short duration these drugs have been available for clinical use. Most of the AEs caused by third-generation ACDs are dose-related. One may then extrapolate that in cases of overdose, similar AEs may occur but further down the spectrum of severity. The limited data on AEs and overdose underscores the importance of further reporting to prepare clinicians in managing the toxicity of third-generation ACDs.
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